We have studied by Spot Profile Analysis Low Energy Electron Diffraction (SPA-LEED) and Auger Electron Spectroscopy (AES) Ni-Al alloyed layers formed by annealing, around 780 K, Al deposits on a stepped Ni(111) surface. The surface structure and composition of the thin epitaxial Ni 3 Al and NiAl films, obtained respectively below and above a critical Al initial coverage c θ , differ markedly from those of corresponding bulk alloys.
Introduction
Ni-Al alloys are of great technological interest because of their remarkable mechanical and thermal properties, namely a high hardness and high melting points. They are also resistant to corrosion, owing to the formation at their surface of a thin passive film of aluminium oxide acting as a diffusion barrier. For all these reasons, the use of these alloys is widely developed in aeronautics (turbo reactors) [1] , in energy storage and furnace hardware, and in microelectronics (epitaxial contacts to III-V semiconductors, corrosion resistant metal coatings [2] ). Moreover, ultrathin well-ordered Al 2 O 3 layers can be obtained by oxidation at high temperature of Ni 3 Al or NiAl single crystals [3] . Besides, two recent studies have reported the possibility to prepare such oxide films from the oxidation of thin Ni 3 Al alloyed layers grown on Ni(100) or on Ni(111) [4, 5] . These ultrathin epitaxial Al 2 O 3 films have become increasingly attractive in catalysis as model-supports for epitaxy of small metallic aggregates [6] and in magnetism as insulating barrier in magnetic tunnel junctions [7] .
The phase diagram of the Ni-Al system reveals the existence of four ordered compounds, namely NiAl 3 , Ni 2 Al 3 , NiAl and Ni 3 Al [8] . In two previous studies [9, 10] , we have described the formation of the two richer phases in Ni upon annealing Al deposits on Ni(111), with a strong dependence on the nominal thickness of the initial Al layer. Below a critical thickness c θ which was found to be c θ ≈4.5 monolayers (ML), annealing around 750 K yields an ordered Ni 3 Al layer in epitaxy with the Ni substrate, with (see Fig. 1 ). Due to the symmetry of the (111) Ni 3 Al surface, three variants are possible for the in-plane orientation of NiAl. We have observed the formation of this NiAl layer up to thicknesses higher than 100 nm. Moreover, the critical thickness c θ does not seem to depend on the annealing temperature in the 750 K-790 K temperature range [13] , but annealing above 800 K results in a progressive dissolution of Al in the substrate.
Despite these two previous studies, some open questions remain. The origin of the transition between these two regimes is still unclear. It could either be related to the elastic energy stored in the Ni 3 Al layer, the in-plane lattice parameter of the layer being 1%
contracted in order to fit the Ni bulk lattice parameter [9] , or to a kinetic transition during alloy formation by Ni-Al interdiffusion [14] . The origin of the Nishiyama-Wasserman epitaxial relationship is also unknown. As pointed out previously, there is a large misfit between the surface unit cells of Ni 3 Al(111) and NiAl(110), but the corresponding interplanar distances only differ by 1% [10] . The fact that Ni 3 Al(111) and NiAl(110) have the same step heigth could thus indicate that steps play a role in the transition. We wanted to characterise precisely the surface lattice parameters of the annealed films to determine if Ni 3 Al(111) grows in registry with Ni(111), and whether NiAl(110) begin to growth in registry with Ni 3 Al(111) at the transition, or not. For this purpose, we have precisely studied by Spot Profile Analysis
Low Energy Electron Diffraction (SPA-LEED) and Auger Electron Spectroscopy (AES) the surface of the alloyed films obtained after annealing Al deposits on Ni(111) in a temperature range (760 K -790 K) very close to the one used in refs. [9, 10] . In order to underline the important role of steps in the alloying process we have used a stepped Ni(111) surface, with a miscut of 0.4°.
On this stepped surface, we recover the previous results concerning the transition, at a critical value c θ , between Ni 3 Al growth (for the "thinnest" Al deposits) and NiAl growth (for the "thickest" Al deposits). However, the transition occurs at a different value of c θ , namely 10 ML, instead of 4.5 ML for a flat Ni surface [9, 10] . In this paper, we show that this higher critical thickness observed for the transition could be directly related to the presence of steps, which favour Ni-Al interdiffusion. The experiments also reveal that the surface structure and composition of the alloyed films are quite different from those observed at the surface of the bulk phases at thermal equilibrium.
Our experimental set-up as well as the sample preparation are described in section 2. A brief overview of the analysis procedure used for SPA-LEED and AES measurements is also presented in this part. The results obtained after low temperature deposition are presented in Section 3. Section 4 is devoted to the results obtained after annealing an initial Al deposit below the critical coverage c θ , and section 5, to the results obtained above c θ . The last part of the paper is devoted to a discussion of the results, highlighting the crucial influence of steps on the interdiffusion processes, and to the conclusion.
Experimental

Set-up and sample preparation
The experiments have been performed in an UHV set-up (base pressure 10 -10 Torr) equipped with facilities for preparing the sample, with a Omicron Spot Profile Analysis Low
Energy Electron Diffractometer and a Riber Cylindrical Mirror Analyzer Auger Electron
Spectrometer. The sample is hold by a high precision XYZ-θϕ manipulator; it can be heated up to 900 K and cooled down to 140 K.
The sample is a disk 9 mm in diameter and 3 mm in thickness, purchased from Surface Preparation Laboratory (Penningweg 69 F, 1507 DE Zaandam, The Netherlands). The crystal is miscut 0.4° from (111). The step density has been separately measured by Scanning
Tunneling Microscopy: the mean terrace width is approximately equal to 300 Å, with steps running at 8±5° from the [ 0 1 1 ] axis. Prior to experiments, the sample was cleaned by a series of cycles of Ar ion sputtering at 1 keV followed by annealing a few minutes at about 900 K.
The cleanliness of the sample was checked at the end of each cycle by AES, in particular by verifying the absence of carbon contamination.
Al is evaporated from a Mo crucible, using the Omicron EFM-3T evaporator. During Al evaporation, the sample is cooled down to 140 K in order to reduce the atomic mobility, which was previously assumed to avoid alloying during the deposition process [9, 10] . The Al flux at the sample is controlled by monitoring the flux of evaporated ions on an electrode of the evaporator. The emission cone out of the evaporator yields a deposition area about 8 mm in diameter on the sample surface, and is put deliberately off centre of the Ni sample. Within the investigated conditions of growth, only the evaporation time is modified. All the other experimental parameters (Al flux, sample temperature, sample position with respect to the evaporator) are kept constant, within the experimental uncertainties. After evaporation, the sample is annealed for 20 minutes at temperatures between 760 K and 790 K. Before and after annealing, AES and SPA-LEED measurements are performed at several points of the sample.
The electron beam is about 0.1 mm in diameter for AES, and 1 mm for SPA-LEED.
Coverage measurements
In this paper, we define the Al coverage θ as the ratio of the deposited Al density to the atomic density of a Ni (111) -the RBS measurements due to counting statistics;
-the flux monitoring during evaporation;
-the sample position with respect to the evaporator, to the LEED and AES apparatus.
The total uncertainty, obtained by summing the squares of the different uncorrelated uncertainties is ranging from ±3% in the plateau region up to ±7% in the low coverage region of the sample.
SPA-LEED measurements
In the whole paper, we note i k r and For obtaining information about the surface structures of the alloyed layers we have precisely measured the relative positions of the diffraction spots for the different coverages and annealing temperatures used. Informations obtained from the study of the width of the diffraction spots, in correlation with scanning tunneling microscopy observations will be the subject of a forthcoming paper.
The diffraction spots are indexed with respect to the surface unit cell of the corresponding films. For each phase, parameters 1 a and 2 a correspond to the dimensions of the surface unit cell in direct space, whereas parameters 1 k and 2 k correspond to the dimensions of the surface unit cell in reciprocal space (see Fig. 1 ). Table 1 
AES measurements
Information about the surface composition has been derived from AES spectra, using the Ni MVV transition at 61 eV, the Al LVV transition at 68 eV (hereafter named Ni61 and Al68, respectively) and the Ni LMM transition at 848 eV. AES spectra were acquired using incident electrons at 1800 eV. The signal was detected through a lock-in amplifier working with a 1 kHz modulation of 0.4 V amplitude applied on the cylinder of the CMA. The AES signal
is the electron current detected at an
. In our set-up, this is done directly through the lock-in amplifier.
The peak heights are measured in the same way as in ref. [15] . The energy resolution of the apparatus is about 0.4 eV. We estimate that the uncertainties on AES peak heights are ±10%, and that the uncertainties on the peak ratios are ±14%.
For each experiment, AES measurements have been performed just after deposition at the deposition temperature (140 K) and after annealing, at room temperature. In the same way as for LEED measurements, we have measured the AES signals at various points of the sample, thus exploring zones with different coverages. The time for performing these measurements was typically one hour. We never observed variations of the AES signals measured at the same position on the sample either at the beginning or at the end of the procedure.
Surface of the films after deposition
As shown in Fig. 1a , the bare Ni(111) surface (before Al deposition) presents a very sharp (1x1) LEED pattern. After low temperature (140 K) deposition, the diffraction spots originating from Ni(111) progressively disappear with coverage, whereas very diffuse spots characteristic from an Al short range hexagonal ordering appear [9] . In this section, we focus on the results obtained by AES on the surface composition of the deposited layer. (110) surface of a thin NiAl alloyed film [10] , and is also identical to that previously reported for NiAl(110) single crystal [16] . The comparison of these three low energy spectra shows that the spectrum of a NiAl alloy is not obtained by superimposition of the spectra of pure Ni and
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Al. In particular a shift of the peak position of the Al LVV transition towards lower energy is clearly visible, and the peak is wider. Such an effect is clearly visible for 3.5 ML Al deposited at 140K. This indicates that the electronic structure of a 3.5 ML Al layer is not the same as the structure of bulk Al.
In order to go further, we have followed the shape of the Al peak during low temperature deposition. As can be seen in Fig. 2a , the Al peak at 68 eV is highly asymmetric, with a right part more abrupt than the left one. This is the signature that some Ni atoms are present in the near-surface Al layers, even for about ten ML deposited at 140 K, and modify the electronic properties of Al atoms.
Evolution with coverage of the surface composition during low temperature deposition
During deposition, we have also followed the evolution of the relative intensities of the Al and Ni peak. In particular, we present in Fig. 3a the Al68/Ni848 peak height ratio Al68/Ni848 r measured just after deposition as a function of the Al coverage. We have used the SESSA software [17] for calculating the theoretical evolution of the AES intensities in absence of any alloying, taking into account our geometric configuration. We find that the intensity of Ni peaks should decay exponentially with coverage with a decay length of about 11 Å for Ni848 and about 1.5 Å for Ni61, whereas the intensity of Al peak at 68 eV would be almost constant above a thickness of 5 Å. In our case, using the definition of the coverage given in section 2. [18, 19] and since our AES spectra for such layers are identical to those obtained on NiAl(110) [16] . Note that we do not take into account the fact that SPA-LEED measurements evidence a mean lattice parameter of the surface consistent with the bulk lattice parameter of Ni 0.60 Al 0.40 (see section 5.3).
In this model, Al68/Ni848 r for a Ni x Al 1-x layer can easily be deduced from the ratio The precise quantification of the alloy formation during deposition of Al/Ni is beyond the scope of this paper and requires measurement techniques sensitive to the chemical composition not only near the surface, but also in depth, for example medium energy ion scattering spectrometry (MEIS). However, we can conclude that on a sample with a high step density, like the one used in this study, Ni-Al interdiffusion at low temperature is higher than on a well oriented Ni(111) sample, for which no interdiffusion is observed at the same deposition temperature [9, 10] . This leads to the presence of small amounts of Ni near the surface of the growing layer, even for Al deposits of about 20 ML.
Surface of Ni 3 Al films after annealing
Below a critical coverage ≈ c θ 10 ML, the structure corresponds to that of since it assumes that the alloyed film keeps a "bulk-like" structure and it does not take into account any possible tetragonal distortion of the lattice. Moreover, let us recall that we measure the surface lattice parameters and not the bulk lattice parameters. It can be modified by the presence of steps that favours atomic relaxations in the surface plane that would not be allowed in the bulk.
Surface composition of Ni 3 Al films after annealing
The evolution of the Al68/Ni848 and Al68/Ni61 peak height ratios, Al68/Ni848 r and Al68/Ni61 r , after annealing the Al deposits at temperature between 760 K and 790 K, is presented in Fig. 6 , as a function of the initial Al coverage θ . Since the attenuation length of the signal of 60-70 eV AES electrons is very small in our configuration (1.5Å), the Al68 and Ni61 peaks are characteristic of the surface region, whereas the Ni848 signal takes into account the contribution of deeper layers (see above). However, the evolution of these ratios below c θ is very surprising. They display a continuous evolution towards the signal corresponding to NiAl, whereas one should expect a plateau corresponding to the signal of a thick Ni 3 Al layer.
Both ratios display a similar evolution, as can be seen when comparing Fig. 6a and Fig. 6b .
Here, we shall only comment Fig. 6b , representing Al68/Ni61 r . It increases only slowly between = θ 2 ML and = θ 6 ML, coverage at which it has a value equal to 0.4, whereas it increases markedly between = θ 6 ML and = θ 10 ML, up to a value around 0.8. Let us remark that for < θ 9.5 ML, there is no LEED observation of a signal corresponding to NiAl domains at the surface. Noting that LEED is a technique sensitive to the organisation of small size domains, the evolution of the AES signal cannot be attributed to NiAl domains that would not be visible by electron diffraction. Even for small coverages, our AES spectra obtained on the annealed samples strongly differ from the spectra obtained on the (111) surface of a Ni 3 Al single crystal. For such surface, ≈ Al68/Ni61 r 0.34 [22] , whereas the surface composition is still the same as in the bulk [23] . From this observation, we can infer that the Al atomic fraction at the surface of our Ni 3 Al layer is always higher than Al x =0.25.
We have used the same procedure as in Section 3. 
Surface of NiAl films after annealing
Introduction
Above a critical coverage ≈ c θ 10 ML, the structure corresponds to that of NiAl (110) with three variants. Typical diffraction pattern and SPA-LEED linescan are presented in Fig.   1c and Fig. 4 . The orientation of NiAl (110) atomic planes, the thickness of the NiAl film observed should be equal to 2 atomic planes.
Very thin NiAl films can thus be observed on Ni 3 Al/Ni(111).
Lattice distortion at the surface of the NiAl layer
In Fig. 8 , we present separately, as a function of Al coverage, the evolution of the surface lattice parameters 1 a and 2 a of the NiAl(110) film (see Fig. 1 for the definition of 1 a and 2 a ). As compared to the (110) surface unit cell of a bulk NiAl crystal (see Table 1 ), the surface unit cell of the thin NiAl(110) film presents a significative distorsion, i.e., In an attempt to explain the distortion of the thin NiAl(110) film, one may remark that this behaviour is qualitatively consistent with an accommodation with the underlying Ni 3 Al (111) layer. However, the observed distortion is much too small to verify this model quantitatively.
We discuss this argument more in details below. (111) layer, decreases when the NiAl film thickness increases, and disappears only for thick deposits.
Surface composition of NiAl films after annealing
The evolution of the Al68/Ni848 and Al68/Ni61 peak height ratios, Al68/Ni848 r and However, in the similar region between x Al =0.275 and x Al =0.40, the concentration profile presents a smooth profile. This was attributed to a heterogeneous nucleation of NiAl and Ni 3 Al in this region. From our study, it seems that it must be attributed to a nonstoichiometric Ni 3 Al film.
Our study shows that using specific epitaxial conditions, thin crystalline Ni 3 Al films can be stabilized over a much larger concentration range than bulk Ni 3 Al. This opens very interesting perspectives, for example in the field of magnetism.
Role of the steps
Two observations demonstrate that steps have a marked influence on the growth of alloyed layers:
-the critical thickness c θ is equal to 10 ML for a stepped (111) surface with a miscut of 0.4°, whereas c θ is equal to 4.5 ML for a flat (111) surface with a miscut less than 0.1° [10] .
-on a (111) surface presenting a high step density, Ni diffusion in the Al layer occurs during deposition at 140 K, contrary to what is observed for a well oriented surface [9] ;
Since the Ni tracer diffusion coefficients in Al are several orders of magnitude larger than the Al tracer diffusion coefficients in Ni [27] , diffusion of Ni through the growing layer occurs more rapidly than diffusion of Al in the Ni crystal. This is also in agreement with our previous observations of a rapid diffusion of Ni at the surface of the Al layer during annealing at 750 K [10] . A possible origin for the formation of the alloyed layer would be the diffusion of Ni atoms in Al and in Ni 3 Al from step sites. Ni atoms at these sites are less coordinated to other Ni atoms. In the early stage of alloying, such atoms could easily diffuse from the step edges into the Al layer. Since Ni 3 Al grows epitaxially on Ni(111), its interface with NiAl will present the same atomic steps as the initial Ni(111) surface, leading to a higher interdiffusion of the species. This could also explain the increase of the critical thickness c θ with the step density.
Steps could also favour the growth of thicker Ni 3 Al films through the relieve of elastic energy. This is corroborated by the fact that Ni 3 Al presents a surface atomic composition out of the domain of existence of the ordered L1 2 phase at thermal equilibrium, and surface lattice parameters very different from that could be expected from bulk Ni 3 Al. 
Conclusion
The formation of Ni-Al alloys by annealing Al deposits on Ni(111) depends on the morphology of the initial Ni surface. We have found that the critical thickness between the growth of Ni 3 Al and the growth of NiAl increases from c θ =4.5 ML for a surface with a miscut lower than 0.1°, to c θ =10 ML for a surface with a miscut of 0.4°. a (see Fig. 1 
